Neural stem cells in the adult mammalian hippocampus continuously generate new functional neurons, which modify the hippocampal network and significantly contribute to cognitive processes and mood regulation. Here, we show that the development of new neurons from stem cells in adult mice is paralleled by extensive changes to mitochondrial mass, distribution, and shape. Moreover, exercise-a strong modifier of adult hippocampal neurogenesis-accelerates neuronal maturation and induces a profound increase in mitochondrial content and the presence of mitochondria in dendritic segments. Genetic inhibition of the activity of the mitochondrial fission factor dynamin-related protein 1 (Drp1) inhibits neurogenesis under basal and exercise conditions. Conversely, enhanced Drp1 activity furthers exercise-induced acceleration of neuronal maturation. Collectively, these results indicate that adult hippocampal neurogenesis requires adaptation of the mitochondrial compartment and suggest that mitochondria are targets for enhancing neurogenesisdependent hippocampal plasticity.
Introduction
The hippocampal dentate gyrus is one of two distinct regions of the adult mammalian brain whose plasticity is dependent on the lifelong generation of new functional neurons . The ability of adult-generated dentate granule (DG) neurons to modify the hippocampal network is at least in part the result of their specific connectivity pattern and electrophysiological properties that arise transiently during their maturation (Ge et al., 2007; Aimone et al., 2011; Sahay et al., 2011; Marín-Burgin et al., 2012) .
The development of new functionally integrated DG neurons follows a highly stereotypic sequence of proliferation, differentiation, and maturation steps (Zhao et al., 2008) whose timing can be modulated by experience and hippocampal activity (Zhao et al., 2006; Piatti et al., 2011) . Past work identified signaling pathways, and genetic and epigenetic regulators controlling specific developmental steps in adult hippocampal neurogenesis (Hsieh and Eisch, 2010; Hsieh, 2012) ; moreover, there is increasing insight into the stage-specific molecular signature in adult neurogenesis (Beckervordersandforth et al., 2010; Bracko et al., 2012) . In contrast, little is known about the cell-biological processes accompanying and regulating the in vivo development of adultgenerated neurons. As essential cellular functions are compartmentalized into organelles, it is reasonable to assume that organelles undergo remodeling according to the changing demands of the developing neuron and that organelle function influences neuronal development (Sekine et al., 2009) .
Mitochondria are vital organelles involved in metabolism, calcium homeostasis, and cell death. Knock-out studies indicate that alterations in mitochondrial distribution and morphology negatively affect neural precursor proliferation (Wakabayashi et al., 2009 ) and neuronal survival (Ishihara et al., 2009 ) during embryonic development. Decreased mitochondrial ATP production has been found to impair development of adult-born neurons (Oruganty-Das et al., 2012) . In addition, in vitro studies have implied mitochondria distribution, shape, and bioenergetics, in the regulation of neuronal plasticity (Li et al., 2004 (Li et al., , 2010 Dietrich et al., 2008; Macaskill et al., 2009; Wang and Schwarz, 2009; Dickey and Strack, 2011; Cheng et al., 2012; Steketee et al., 2012; Bertholet et al., 2013; Courchet et al., 2013) . Here, we visualized mitochondria in adult-generated hippocampal neurons under basal conditions, in the context of voluntary exercise, and following genetic modulation of mitochondrial fission and distribution. We report that extensive remodeling of the mitochondrial compartment accompanies neuronal development. Furthermore, we demonstrate that exercise is associated with increased mitochondrial biogenesis and mitochondrial distribution, and accelerates neuronal maturation. Finally, we show that modulation of mitochondrial fission and distribution substantially alters exercise-induced maturation of adult-generated hippocampal neurons. These results indicate that regulation of mitochondria is part of the basal and exercise-induced developmental program controlling the formation of new neurons during adulthood.
Materials and Methods

Animals
All experiments were performed in accordance with the European Communities Council Directive (86/609/EEC). Stereotactic injections of retroviruses into the dentate gyrus of adult mice were approved by the Government of Upper Bavaria. For all experiments, 8-week-old female C57BL/6 mice from Charles River were used. Mice were grouped housed in standard cages under a 12 h light/dark cycle, and had ad libitum access to food and water. Mice in exercise conditions had ad libitum access to running wheels immediately after retroviral injections.
Retrovirus preparation
Replication-deficient recombinant murine Moloney leukemia (MML) retroviruses specifically transduce proliferating cells and allow the dating of their birth, and the labeling of precursor cells and their progeny in the adult hippocampal neurogenic lineage (van Praag et al., 2002; Zhao et al., 2006) . The CAG red fluorescent protein (RFP) and CAG green fluorescent protein (GFP) recombinant MML retroviruses have been described previously (Zhao et al., 2006; Jagasia et al., 2009 ). CAG-IRES-mitoGFP and CAG-IRES-mitochondrial Discosoma red (mDsRed) were generated from the pCAG IRES-GFP vector (Jagasia et al., 2009 ) by replacing the GFP coding sequence with cDNA for mitochondrially targeted GFP or DsRed. For retrovirus-mediated expression of dynamin-related protein 1 (Drp1) and dominant-negative Drp1 K38A (dnDrp1; Smirnova et al., 1998; Frank et al., 2001) , their respective cDNAs were cloned into the pCAG IRES-mitoGFP or pCAG-IRES-mDsRed to generate pCAGDrp1-IRES-mitoGFP/mDsRed and pCAG-dnDrp1-IRES-mitoGFP/ mDsRed. Retroviruses were generated as described previously (Tashiro et al., 2006a) . Virus-containing supernatant was harvested four times every 48 h after transfection and concentrated by two rounds of ultracentrifugation. Viral titers were ϳ5 ϫ 10 8 colony-forming units (CFU)/ml.
Stereotactic injections
For stereotactic injections, mice were deeply anesthetized by injecting a mixture of fentanyl (0.05 mg/kg; Janssen-Cilag AG), midazolam (5 mg/ kg; Dormicum, Hoffmann-La Roche), and medetomidine (0.5 mg/kg; Domitor, Pfizer) dissolved in 0.9% NaCl. Mice were stereotactically injected at a speed of 250 nl/min with 0.9 l of the retroviruses with a titer of 2 ϫ 10 8 CFU/ml into the left and right dentate gyri (coordinates from bregma were Ϫ1.9 anterior/posterior, Ϯ1.6 medial/lateral, Ϫ1.9 dorsal/ ventral from dura). For double injections, mice were stereotactically injected with 1 l of a 1:1 retrovirus mixture (titer of 2 ϫ 10 8 CFU/ml for each retrovirus). Anesthesia was antagonized after surgery by injecting the following mixture: buprenorphine (0.1 mg/kg; Temgesic, Essex Pharma GmbH), atipamezole (2.5 mg/kg; Antisedan, Pfizer), and flumazenil (0.5 mg/kg; Anexate, Hexal AG) dissolved in 0.9% NaCl.
Tissue processing
Animals were killed using CO 2 . Mice were transcardially perfused with 50 ml of PBS, pH 7.4, for 5 min followed by 100 ml of 4% paraformaldehyde (PFA) for 10 min. Brains were postfixed in 4% PFA for 12 h at 4°C and were subsequently transferred to a 30% sucrose solution. Forty micrometers and 100-m-thick coronal brain sections were produced using a sliding microtome (Leica Microsystems) for phenotyping and morphological analysis of retrovirally manipulated cells, respectively.
Histology and counting procedures
Free-floating sections were collected in 0.1 M phosphate buffer and rinsed three times in TBS. Sections were blocked in TBS supplemented with 3% donkey serum and 0.25% Triton X-100 for 2 h, and were incubated with primary antibodies dissolved in blocking solution at 4°C for 48 h. Primary antibodies against the following antigens were used: doublecortin (DCX; goat; 1:250; Santa Cruz Biotechnology), calbindin (rabbit; 1:1000; Swant), GFP (chicken; 1:1000; Aves Labs), and RFP (rat; 1:50; a gift from Dr. Heinrich Leonhardt, Ludwig Maximilian University of Munich, Munich, Germany).
After washing three times in TBS (each 15 min) and blocking for 30 min, sections were incubated in blocking solution containing secondary antibodies conjugated to FITC, Alexa Fluor 488, Cy3, Cy5, or CF633 (Jackson Laboratory) for 2 h. Sections were rinsed again three times in TBS, one wash step containing (10 mg/ml 4Ј,6-diamidino-2-phenylindole; 1:10,000; Sigma-Aldrich). Sections were mounted using SuperFrost microscope slides (Menzel-Gläser) and Aqua/PolyMount (Polysciences Inc.), and were stored at 4°C.
To phenotype genetically manipulated cells, the expression of stagespecific markers (DCX, calbindin, n Ͼ 50 cells/per animal and marker) in newborn neurons was analyzed by confocal microscopy in at least four sections containing the dentate gyri from four to six different animals. Confocal single-plane images and z-stacks were obtained on a Leica Microsystems SP5 confocal microscope.
To evaluate the influence of dnDrp1 on the survival of newborn cells, a previously established double-transduction protocol was applied (Tashiro et al., 2006b; Jagasia et al., 2009) 
Morphology analyses
Dendritic maximum extension index. The dendritic maximum extension index is defined as the distance between soma and the furthest reaching dendritic tip in the molecular layer divided by the distance between the soma and the hippocampal fissure, which constitutes the maximum possible extension of the dendritic tree in the dorsoventral axis (Krzisch et al., 2013) . Confocal images of retrovirally labeled cells were obtained with a 40ϫ oil objective using a TCS Sp5 confocal microscope (Leica Microsystems; step size, 0.7 m; resolution, 1024 ϫ 1024). At least 50 double-transduced cells per animal from at least three different animals were analyzed, and the cumulative distribution of the dendritic maximum extension index was compared.
Evaluation of dendritic morphology. To analyze detailed dendrite morphology, confocal images of double-transduced cells were obtained with a 63ϫ glycerol objective using a TCS Sp5 confocal microscope (Leica Microsystems; step size, 0.3 m; resolution, 1024 ϫ 1024). One hundred-micrometer-thick sections from comparable hippocampal positions were used to avoid differences due to truncated cells and different positioning, respectively. Twelve cells per group from at least three different animals were analyzed. 3D reconstructions were obtained by using the Filament Tracer tool in Imaris (Bitplane AG), and values for total dendritic length, number of branch points, and number of Sholl intersections were compared.
Spine analysis. To analyze morphological synaptic integration of transduced cells, confocal images of at least 10 dendrites in the mid-third of the molecular layer from 10 different double-transduced cells were obtained with a 63ϫ glycerol objective (step size system optimized; resolution, 1024 ϫ 1024; 5ϫ zoom). The length of the dendrites was measured using LAS AF software, and the number of dendritic spines was quantified. Spine number was normalized to dendritic length and compared. To analyze the maturation of spines, the number of mushroom spines (spine head, Ͼ0.6 m) was quantified and the percentage of the total number of spines was calculated.
Analysis of mitochondrial volume, number, and distribution. Mitochondria volumes were analyzed by the reconstruction of mitochondria using the Surface tool of the Imaris Software (Bitplane AG) in the same confocal images that were used for the morphology analyses. Mitochondria number and volume were reconstructed from mitochondria-targeted fluorescence.
Dendritic mitochondria distribution was analyzed by dividing the dendritic tree of 3D reconstructed cells into the proximal dendritic tree (i.e., dendritic segments within a 100 m radius from soma, excluding the dendritic shaft) and the distal dendritic tree (i.e., dendritic segments above a 100 m radius from soma). Mitochondria volume and number were individually calculated per section.
Statistical analysis
Significance levels for global morphology analysis were assessed by twoway ANOVA. For all other data, the unpaired Student's t test with unequal variances was used. Differences were considered statistically significant at *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001. All data are presented as the mean Ϯ SEM.
Results
In vivo development of adult-born hippocampal neurons is paralleled by changes in mitochondrial morphology and distribution To visualize mitochondria and cell morphology in adult-born neurons, MML retrovirus encoding for mitochondriatargeted GFP (CAG-IRES mitoGFP) was generated and coinjected with an MML retrovirus encoding for RFP (CAG-RFP) into the DGs of young adult mice. Animals were killed at different time intervals after retroviral injection (dpi) for morphological analysis of newborn neurons at different developmental stages.
In line with previous reports (Zhao et al., 2006; Sun et al., 2013) , extensive dendritic growth occurred between the second and fourth week of neuronal development (Fig. 1) . Between 16 and 28 dpi, total dendritic length increased by approximately threefold from 395 Ϯ 17 m (16 dpi) to 1174 Ϯ 45 m (28 dpi). The dendritic morphology of 28 dpi neurons closely resembled the morphology of neurons at later time points (up to 106 dpi), and there was only very modest dendrite growth after 28 dpi (total dendritic length at 106 dpi, 1309 Ϯ 61 m).
The development of new neurons was accompanied by changes in mitochondrial morphology and distribution, and increases in mitochondrial mass ( Fig. 1) . At early time points (3 and 7 dpi), mitochondria were mostly located in the soma and in the initial segment of processes, where they formed large tubular structures (Fig. 1B) . At later time points (16 -42 dpi), mitochondria in the soma and the dendritic shaft became increasingly fragmented, and were of mixed tubular and globular shape (Fig. 1B) ; these developmental stages were in addition characterized by the presence of round-shaped mitochondria in the dendritic arbor ( Fig. 1C) . At 106 dpi, mitochondria in the soma were in most cases of mixed tubular and globular shapes but occasionally formed a prominent interconnected network, which extended into the dendritic shaft (Fig. 1B) ; similar to earlier time points, dendritic mitochondria were mostly of round morphology (Fig. 1C) .
The extensive dendritic growth between 16 and 28 dpi was accompanied by a massive increase in total mitochondrial volume (16 dpi, 80 Ϯ 8 m 3 ; 28 dpi, 204 Ϯ 15 m 3 ); mitochondrial volume was further increased at 106 dpi (353 Ϯ 27 m 3 ). Mitochondrial content in the soma and the dendritic shaft was comparable between 16 dpi (63 Ϯ 7 m 3 ) and 28 dpi (55 Ϯ 4 m 3 ), and was only modestly increased at 106 dpi (85 Ϯ 6 m 3 ). The increase in total mitochondrial content was mostly owing to a continuous increase in mitochondria localized to the dendritic arbor (16 dpi, 17 Ϯ 3 m 3 ; 28 dpi, 149 Ϯ 13 m 3 ; 106 dpi, 270 Ϯ 13 m 3 ; Fig. 1C ). Dendritic mitochondrial content indices (i.e., mitochondrial volume normalized to total dendritic length excluding the dendritic shaft) continuously increased between 16 and 106 dpi (16 dpi, 0.05 Ϯ 0.01 m 3 /m; 28 dpi, 0.14 Ϯ 0.01 m 3 /m; 106 dpi, 0.23 Ϯ 0.02 m 3 /m), demonstrating that there was no simple linear relationship between dendritic mitochondrial content and the size of the dendritic arbor. At each time point, the dendritic mitochondrial content indices in proximal dendritic segments (Ͻ100 m distance from soma, excluding the dendritic shaft, which showed a high density of mitochondria) and distal dendritic segments (Ͼ100 m distance from soma) were comparable ( Table 1 ), indicating that mitochondria were efficiently distributed throughout the dendritic arbor. In summary, the development of new DG neurons is paralleled by extensive mitochondrial biogenesis, which continues beyond the period of extensive dendritic growth. The most profound changes in mitochondrial morphology and distribution were observed around the second week, and coincided with the time of rapid dendritic growth activity and the initiation of spine development (Zhao et al., 2006; Sun et al., 2013) . This period was characterized by a change in the morphology of soma and dendritic shaft mitochondria from large tubular structures to a mixed tubular and globular shape, and by the appearance of round-shaped mitochondria in the dendritic arbor. Collectively, these observations strongly suggest that remodeling of the mitochondrial compartment is part of a coordinated in vivo neuronal developmental program. Mitochondrial morphology and localization during the development of adultgenerated DG neurons. A, Development of adult-born neurons (red) is paralleled by increase in mitochondria mass (mitochondria in green). Scale bar, 25 m. B, Higher magnification reveals distinct morphologies of somatic mitochondria. At early stages, mitochondria predominantly formed large tubular structures. Between 16 and 42 dpi, mitochondria were of a mixed tubular and globular shape. At 106 dpi, mitochondria in some adult-generated neurons formed an interconnected network. Note the dense packing of the dendritic shaft with mitochondria at all developmental time points. Scale bar, 3 m. C, Higher magnification of the dendritic mitochondria at 16, 28, and 106 dpi reveals an increasing presence of round mitochondria. Scale bar, 8 m.
Voluntary exercise-induced acceleration of morphological maturation is paralleled by remodeling of the mitochondrial compartment Next, neuronal morphology and mitochondria of retrovirally birthdated DG neurons were studied in the context of voluntary wheel running-a behavioral stimulus that potently stimulates neurogenesis (van Praag et al., 1999) and promotes the maturation of adult-born DG neurons as evidenced by the accelerated formation of spines and the expression of mature neuronal markers (Zhao et al., 2006; Piatti et al., 2011) . First, we analyzed dendritic development-an aspect of maturation that had not been systematically assessed in the context of voluntary exercise thus far. Analysis at 16 dpi revealed that voluntary exercise strongly promoted maturation, as reflected by a more than twofold increase in total dendritic length (exercise group, 857 Ϯ 45 m; control group, 395 Ϯ 17 m; p Ͻ 0.001), an increased number of dendritic branch points (exercise group, 14 Ϯ 1; control group, 11 Ϯ 1; p Ͻ 0.05), enhanced dendritic complexity ( Fig. 2A-D) , and a higher maximum dendrite extension index (data not shown).
Newborn neurons in the exercise group contained more mitochondria (Table 1) . Most notably, the mitochondrial content in the soma and dendritic shaft region was increased ϳ2.5-fold (control group, 63 Ϯ 7 m 3 ; runner group, 150 Ϯ 16 m 3 ) and exceeded by far the soma/dendritic shaft mitochondrial content in older neurons (28 dpi), even if these had developed in the context of running (see below; Table 1 ). The mitochondrial content indices for the entire dendritic arbor, for proximal dendritic segments, and for distal dendritic segments were comparable within the exercise group, indicating that the increased mitochondrial mass was evenly and efficiently distributed throughout the dendritic arbor (Table 1) . While the dendritic shaft of neurons was densely packed with tubular mitochondria in all 16 dpi neurons, mitochondria in this compartment tended to be less tubular and more globular shaped in neurons of the runner group (Fig. 2E) .
We also examined whether continuous voluntary exercise would affect dendrite morphology and mitochondria at later stages. Dendrite morphology of 28 dpi neurons in the exercise group was highly similar to the morphology of neurons in the control group (Fig. 2E-H ). In accordance with previous reports (Zhao et al., 2006; Piatti et al., 2011) , voluntary exercise did not induce differences in spine density and number of mushroom spines at this developmental time point (data not shown). No significant differences were detected in total mitochondrial volume (Table 1) . In both conditions, mitochondria in the soma and dendritic shaft region were of a mixed globular and tubular shape with a predominance of globular-shaped mitochondria (Fig. 2E) . The only significant differences were small increases in the number of dendritic mitochondria (control group, 0.24 mitochondria/m dendrite; runner group, 0.32 mitochondria/m dendrite; p Ͻ 0.001) but not in mitochondrial volume or density indices in dendritic segments in the runner group (Table 1) , suggesting that voluntary exercise slightly promoted mitochondrial fission.
Collectively, these data demonstrate that voluntary exercise accelerates dendrite development but does not permanently alter dendrite morphology, thereby supporting the notion that voluntary exercise enhances the tempo of maturation of adultgenerated neurons (Zhao et al., 2006; Piatti et al., 2011) . The data also strongly suggest an exquisite sensitivity of immature adultgenerated neurons to the voluntary exercise stimulus during the period of rapid dendritic growth. Intriguingly, exercise-induced dendritic development in immature neurons was paralleled by increased mitochondrial content, increased presence of globular mitochondria in the dendritic shaft, and enhanced distribution of mitochondria to the dendritic arbor, indicating that exercise ac- celerated maturation at least in part through the modulation of mitochondrial biogenesis, morphology, and distribution.
Mitochondrial dynamics and distribution modifies differentiation and maturation in adult neurogenesis
We also sought to determine whether alterations to mitochondrial morphology and dendritic distribution alter the development of new DG neurons. To this end, we genetically manipulated the activity of the GTPase Drp1, which controls mitochondrial morphology and facilitates mitochondrial distribution by promoting mitochondrial fission (Yaffe, 1999; Misaka et al., 2002) . The effects of enhanced Drp1 activity on the development of new DG neurons were first examined in mice that were housed under standard conditions. Analysis was performed 16 d after injection of a retrovirus, which bicistronically encoded for Drp1 and a mitochondria-targeted fluorescent marker, or of a control retrovirus. A second retrovirus encoding for ubiquitously expressed fluorescent protein was coinjected to visualize the overall morphology of the newborn neuron. Mitochondrial content in 16 dpi neurons was comparable between the two experimental groups (control group, 80 Ϯ 8 m 3 ; Drp1 group, 82 Ϯ 10 m 3 ). Consistent with previous reports (Li et al., 2004) , the overexpression of Drp1 was sufficient to increase mitochondrial fission and dendritic distribution, as evidenced by the increased presence of globular mitochondria in the dendritic shaft and the increased density of dendritic mitochondria with a round morphology (Fig. 3 A, B) . Drp1-expressing and control neurons did not differ with regard to dendritic length, number of branch points, the maximum dendritic extension index, and dendritic complexity (Fig. 3C-F ) . In line with previous observations that neurons initiate spinogenesis at 16 d of age (Zhao et al., 2006) , dendrites of neurons in both experimental groups only occasionally bore spines. Thus, Drp1 overexpression and the resulting enhancement of mitochondrial fission and increase in dendritic mitochondrial content were not sufficient to promote in vivo dendritic development.
Next, we examined the effects of Drp1 overexpression under voluntary exercise conditions. At 16 dpi, mitochondria in the soma and the dendritic shaft were of mixed tubular and globular morphology in control neurons but were predominantly of globular morphology in Drp1-overexpressing neurons (Fig. 4 A, B) . Drp1-overexpressing neurons tended to have lower mitochondrial content in the soma and dendritic shaft (control group, 150 Ϯ 16 m 3 ; Drp1 group, 125 Ϯ 14 m 3 ; Fig. 4 A, B ) and contained higher numbers of mitochondria in their dendrites (control group, 0.16 Ϯ 0.02 mitochondria/m; Drp1 group, 0.22 Ϯ 0.01 mitochondria/m; p Ͻ 0.001; Fig. 4I ), indicating that Drp1 overexpression resulted in the distribution of mitochondria from the soma and dendritic shaft to the dendritic arbor. Total dendritic length was similar between the two , and Sholl analysis (D) in 16 dpi neurons between mice housed under control conditions (control 16 dpi) and mice with access to running wheels (runner 16 dpi). E, Reconstruction of 28 dpi neurons in mice housed under control conditions (nonrunners) and mice with access to running wheels. Mitochondria, Green; dendrites, red. Scale bar, 20 m. F-H, Comparison of the dendritic parameters total dendritic length (F ), branch points (G), and Sholl analysis (H ) in 28 dpi neurons between mice housed under control conditions (control 28 dpi) and mice with access to running wheels (runner 28 dpi). Data are given as the mean Ϯ SEM. Error bars represent the SEM. experimental groups (control group, 857 Ϯ 45 m; Drp1 group, 875 Ϯ 53 m). The dendritic arbor of Drp1-overexpressing neurons, however, frequently appeared more elaborate (Fig. 4A) , and the analysis of the number of branching points (control group, 14 Ϯ 1; Drp1 group, 17 Ϯ 2) showed a trend toward higher dendritic complexity in Drp1-overexpressing neurons. Moreover, we observed in the Sholl analysis that Drp1-overexpressing neurons tended to have higher numbers of dendritic intersections at distances of Ͼ200 m from the cell body (Fig. 4D) , which suggested that Drp1-overexpressing neurons bore a dendritic tree that reached closer to the hippocampal fissure. Indeed, the maximum extension index of Drp1-overexpressing neurons was significantly increased ( p Ͻ 0.05; Fig. 4C,E) . A significant fraction of Drp1-overexpressing neurons had initiated the expression of the mature dentate granule cell marker calbindin (control group, 0%; Drp1 group, 14 Ϯ 3%; p Ͻ 0.01; Fig. 4G,F ) . Most intriguingly, Drp1-overexpressing neurons displayed increased spine formation, as reflected by the higher spine density (Fig. 4 H, I ); almost all spines in both experimental conditions were thin spines (i.e., spines with small spine heads and thin necks). These data demonstrate that Drp1 overexpression enhanced neuronal maturation in the context of exercise.
We also examined the morphological phenotype of Drp1-overexpressing neurons at 28 dpi in the context of voluntary running. No significant differences of absolute mitochondrial volume, relative mitochondrial volume normalized to cell size, localization of mitochondria within the cells, and mitochondrial density were found between the experimental groups (data not shown). In both groups, mitochondria in the soma and the dendritic shaft were predominantly of globular morphology. In contrast to the differences observed at 16 dpi, Drp1-transduced cells at 28 dpi were indistinguishable from control cells with regard to dendritic parameters (Fig. 5A-D) and spine-related parameters (spine density: control group, 1.61 Ϯ 0.07 spines/m; Drp1 group, 1.78 Ϯ 0.02 spines/m; fraction of mushroom spines: control group, 5 Ϯ 1%; Drp1 group, 5 Ϯ 1%; Fig. 5 E, F ) . Thus, Drp1 overexpression combined with voluntary exercise caused acceleration of dendritic growth and spine formation rather than permanent gain in dendritic complexity and spine density. Next, we examined the consequences of inhibition of mitochondrial fission and distribution on the development of adult-generated DG neurons. The dnDrp1 mutant inhibits Drp1-dependent fission and distribution, and causes perinuclear accumulation of mitochondria (Smirnova et al., 2001; Li et al., 2004) . First, we examined the effects of dnDrp1 on basal neurogenesis. Analysis was performed 8 or 16 d after injection of a retrovirus, which bicistronically encoded for dnDrp1 and mitochondria-targeted GFP combined with a second retrovirus encoding for RFP to visualize the overall morphology of the newborn neuron. Control animals were injected with a combination of mitochondria-targeted GFP retrovirus and RFP retrovirus. mitoGFP-expressing cells were abundant in control animals; despite the injection of retroviruses of comparable titer, dnDrp1/ mitoGFP-transduced cells were only occasionally observed at 8 dpi and were almost completely absent at 16 dpi, which precluded further analysis of the impact of dnDrp1 on fate choice and maturation of newborn neurons. The few remaining dnDrp1/mitoGFP-transduced cells at 8 dpi appeared to fail to extend a primary dendrite toward the granule cell layer and contained very few mitochondria (Fig. 6A) , the latter phenotype potentially reflecting the crucial function of fission in mitochondrial biogenesis (Attardi and Schatz, 1988; Osman et al., 2011) . The ratio between all mitoGFP-positive cells to RFP-only cells was stable in control mice between time points (3.13 Ϯ 0.51 vs 2.69 Ϯ 0.59 at 8 and 16 dpi, respectively); in contrast, the ratio of dnDrp1 cells (all mitoGFP-positive cells) to control retrovirustransduced cells (RFP-only cells) dropped between time points (0.20 Ϯ 0.03 vs 0.06 Ϯ 0.003; p Ͻ 0.05; Fig. 6B ), strongly indicating that the inhibition of Drp1 massively impaired the survival of newborn cells.
Finally, the consequences of dnDrp1 on voluntary exerciseinduced development of adult-generated DG neurons were examined. Surprisingly and in contrast to basal conditions, cells transduced with dnDrp1-encoding virus were present in mice exercising voluntarily at 16 dpi. According to the notion that dnDrp1 inhibits fission and distribution, and causes perinuclear accumulation of mitochondria (Smirnova et al., 2001; Li et al., 2004) , dnDrp1 expression resulted in a profound alteration in mitochondrial shape and distribution: mitochondria in cells with a non-neuronal morphology (see below) displayed a highly tubular shape and reached a maximum length of 43 m. In contrast, the longest mitochondrion in control neurons was ϳ5 m (Fig.  6C) . In dnDrp1 cells with neuronal morphology (see below), the total mitochondrial volume was reduced to 74 Ϯ 7 m 3 (total mitochondrial volume in control cells, 286 Ϯ 39 m 3 ) with almost all mitochondria located in the soma (Fig. 6C) , again underlining the crucial function of fission in mitochondrial biogenesis and distribution (Attardi and Schatz, 1988; Osman et al., 2011) .
At 16 dpi, the vast majority of control cells expressed the immature neuronal marker DCX, extended a primary dendrite spanning the granule cell layer (97 Ϯ 7% of control transduced cells), and grew a dendritic arbor in the molecular layer. In contrast, the majority of dnDrp1-transduced cells lacked the typical dentate granule cell morphology and grew processes parallel to the subgranular zone (Fig. 6C) . Those dnDrp1-transduced cells that exhibited a neuronal morphology and bore a primary process spanning the granule cell layer (26 Ϯ 16% of dnDrp1 transduced cells; Fig. 6E ), invariably displayed stunted and irregular dendritic growth with short dendrites (controls: total dendritic length, 88 Ϯ 23 vs 857 Ϯ 45 m; p Ͻ 0.001) and almost completely abolished branching (controls: number of branch points, 1 Ϯ 0.4 vs 14 Ϯ 1; p Ͻ 0.001; Fig. 6C ). Consistent with the observation that dnDrp1-transduced cells frequently failed to display a neuronal morphology, the expression of the immature neuron-specific marker DCX was greatly decreased (control group, 88 Ϯ 3%; dnDrp1 group, 41 Ϯ 6%; p Ͻ 0.001; Fig. 6C,D) . Hence, dnDrp1 expression in mice exercising voluntarily strongly impaired dendrite growth of adult-generated neurons and interfered with neuronal differentiation of neural precursor cells.
In summary, the profound consequences of loss-of-Drp1 function for survival, neuronal differentiation, and dendritogenesis under basal and exercising conditions strongly underline the dependency of developing neurons on mitochondrial function for a broad variety of processes. Moreover, the effects of gain-ofDrp1 function on spinogenesis and the expression of mature DG neuron markers in exercising conditions indicates that the timing of maturation is particularly sensitive to mitochondrial function and regulation.
Discussion
Here, we provide for the first time evidence that mitochondria are not only required for general cell physiology in adult neurogenesis but exert modulatory function over the timing of maturation of adult-born hippocampal neurons. First, the development of adult-born neurons is paralleled by a profound gain in mitochondrial mass, by changes of mitochondrial morphology, and by increased dendritic mitochondrial content. Second, exercise-a stimulus that potently accelerates neuronal maturation Figure 6 . Effects of dnDrp1 expression on neurogenesis under basal conditions and in the context of voluntary exercise. A, Under basal conditions, control transduced 8 dpi neurons show polarized morphology and start to grow a primary dendrite toward the molecular cell layer (white arrow). dnDrp1-expressing cells (red arrowhead) showed stunted morphology and limited mitochondrial content (in green). Cells in the same animal, which were transduced only with the control RFP-encoding retrovirus (white arrowhead), grow a primary dendrite toward the molecular cell layer. Scale bar, 15 m. B, Comparison of the ratio between all mitoGFPpositive cells (green ϩ yellow) to RFP-only cells (red) under nonrunning conditions. Note that the ratio decreases between 8 and 16 dpi in dnDrp1 retrovirus-injected animals. C, Running conditions: control-transduced 16 dpi neurons express the immature neuronal marker DCX (in blue; white arrow). dnDrp1-expressing cells frequently fail to express DCX and extend processes parallel to the subgranular zone (red arrowhead). Note the long tubular mitochondrial morphology. dnDrp1-expressing cells, which are positive for DCX, only grow short dendrites toward the molecular cell layer (white arrowhead). Note that mitochondria are confined to the soma. Scale bar, 15 m. D, Quantification of transduced cells expressing DCX at 16 dpi under running conditions. E, Quantification of transduced cells bearing a primary dendrite spanning the granule cell layer at 16 dpi under running conditions. Error bars represent the SEM. (Zhao et al., 2006; Piatti et al., 2011) -promotes mitochondrial biogenesis and morphological remodeling of mitochondria. Third, impaired mitochondrial fission and dendritic distribution strongly decrease the survival of newly generated cells under basal conditions, and impede morphological development and the expression of neuron-specific markers during exercise-induced neurogenesis. Last and most strikingly, increasing mitochondrial fission and supporting dendritic distribution modulates the speed of voluntary exercise-induced maturation, as reflected by enhanced dendritic growth, spine formation, and the expression of mature DG markers.
In growing cells, mitochondrial membranes increase in proportion to cell mass (Attardi and Schatz, 1988) . Accordingly, the continuous increase in mitochondrial mass during the development of the adult-generated neuron is, at least in part, explained by cellular growth. It is, however, of note that (1) the rate of mitochondrial biogenesis exceeds the rate of dendritic growth and (2) mitochondrial biogenesis continues past the period of extensive dendritic growth, suggesting that the maturing neuron becomes increasingly dependent on mitochondrial metabolism and homeostasis.
Mitochondria displayed distinct morphologies during different developmental stages of adult neurogenesis. The massive decrease in the number of newborn cells following dnDrp1 expression demonstrates the importance of precise regulation of mitochondrial morphology for the survival of adult-generated neurons. In addition, the profound impairment of neuronal differentiation and maturation following dnDrp1-mediated inhibition of mitochondrial fission as well as the maturationpromoting effects of Drp1 overexpression in the context of voluntary exercise underline the idea that tight regulation of mitochondrial morphology is essential for development of the postsynaptic compartment.
At present, we can only speculate on the function of differentially shaped mitochondria in the development of adultgenerated neurons. In vitro findings indicate that mitochondrial fusion and fission alter bioenergetics, which in turn influences neuronal morphogenesis (Dickey and Strack, 2011) . In addition, mitochondrial morphology is related to mitochondrial biogenesis, and mitochondrial fission is crucial for efficient distribution of new mitochondria to the growing axon and dendritic tree in cultured neurons (Li et al., 2004) . Mitochondria are generated via growth of pre-existing mitochondria and subsequent fission (Attardi and Schatz, 1988; Osman et al., 2011) . The concentration of tubular mitochondria to the soma and the dendritic shaft, the increasing appearance of globular mitochondria in these cellular compartments during the period of extensive dendritogenesis and spinogenesis, and the round-shaped morphology of mitochondria in the dendritic arbor may reflect that mitochondrial biogenesis in developing neurons occurs in close proximity to the soma and that mitochondria are distributed from there into the growing dendritic arbor.
Previous studies (Li et al., 2004; Dickey and Strack, 2011; Steketee et al., 2012; Bertholet et al., 2013) reported that enhancement of mitochondrial fission was sufficient to induce major alterations in dendritogenesis and synaptogenesis of neurons in vitro. Here, we uncovered the fact that mitochondrial regulation of in vivo neuronal development is far more complex. Increasing mitochondrial fission accelerated dendritogenesis and spinogenesis only under conditions (exercise) that were associated with increased mitochondrial biogenesis. In exercise conditions, a massive increase in soma/dendritic shaft mitochondria was observed in immature neurons (16 dpi), which substantially exceeded the soma/dendritic shaft mitochondrial content of mature neurons (28 and 106 dpi); concomitant Drp1 overexpression reduced the high mitochondrial content in the soma and dendritic shaft, increased the formation of globular mitochondria and the number of dendritic mitochondria, and most strikingly accelerated maturation. These observations indicate that coordination of mitochondrial fission and distribution with mitochondrial biogenesis is crucial for dendrite and spine development, and that fission and efficient dendritic distribution of the increased mitochondrial mass constitute limiting factors to exercise-induced maturation.
It was previously suggested that exercise induces the global enhancement of synaptogenesis and mitochondrial biogenesis in the dentate gyrus (Dietrich et al., 2008) . As a consequence of lifelong neurogenesis, the DG harbors neurons, which are highly heterogeneous with respect to birth date and maturation stage. The retroviral labeling strategy allowed examination of the specific impact of exercise and of modulation of mitochondrial fission on DG neurons of defined developmental stages. Intriguingly, the effects of exercise alone or in combination with Drp1 overexpression on neuronal maturation as well as on growth and remodeling of mitochondria were highly prominent in young neurons (16 dpi), but were no longer present in more mature neurons (28 dpi). In a separate study, we also found that voluntary exercise did not affect dendrite morphology, spinogenesis, and mitochondrial parameters in 3-month-old adult-generated neurons (K. Steib and D. C. Lie, unpublished observations). These results are remarkable as they underline the exquisite sensitivity of immature adult-generated neurons to the voluntary exercise stimulus (Zhao et al., 2006; Piatti et al., 2011) . Furthermore, our results indicate that the tempo of dendritic growth and the timing of spine formation are particularly sensitive to alterations in mitochondrial biogenesis, mitochondrial dynamics, and dendritic distribution. Last, the striking temporal correlation between exercise-induced morphological development and modification of the mitochondrial compartment strongly suggest that mitochondria mediate-at least in partthe effects of running on neuronal maturation. In this regard, it is noteworthy that exercise stimulates mitochondrial biogenesis in peripheral organs through pathways such as VEGF signaling and proliferator-activated receptor-gamma coactivator-1␣ (PGC-1␣; Wright et al., 2008; Little et al., 2011) , which have been implicated in the regulation of adult neurogenesis (Cao et al., 2004; Cheng et al., 2012) .
How mitochondria regulate dendritogenesis and spinogenesis remains to be established. Mitochondria-dependent energy production is crucial for dendritogenesis, as illustrated by the dendritic growth defects following the impairment of mitochondrial ATP production (Oruganty-Das et al., 2012) . In addition to energy production, mitochondria serve key functions in metabolism, biosynthesis, Ca 2ϩ buffering, and signaling (McBride et al., 2006; Sekine et al., 2009) . Synaptic compartments have particularly high demands for energy and Ca 2ϩ buffering (Baloh, 2008; MacAskill et al., 2010) , and there is in vitro evidence that mitochondria-dependent Ca 2ϩ buffering influences the development of neuronal morphology (MacAskill et al., 2010; Dickey and Strack, 2011) . Some data suggest that mitochondrial localization may be dispensable for neuronal development (Dickey and Strack, 2011 ). Yet, recent work not only revealed intricate mechanisms controlling mitochondrial positioning in dendrites and the axon, but also implicated mitochondria as an important local factor for establishing the topology of presynaptic and postsynaptic connectivity, probably through the regulation of local en-ergy supply and Ca 2ϩ buffering (Li et al., 2004; Macaskill et al., 2009 Macaskill et al., , 2010 Wang and Schwarz, 2009; Courchet et al., 2013) . As mitochondrial biogenesis appears to occur close to the soma and requires fission of a larger mitochondrion into smaller mitochondria (O'Toole et al., 2008; Lovas and Wang, 2013) , adequate mitochondrial supply of the developing axonal and dendritic compartment will be dependent on mitochondrial fission, which is in line with our present finding that mitochondrial fission constitutes a limiting factor to dendritogenesis and spinogenesis in adult neurogenesis.
Another important question is how coordination between mitochondrial function with signaling pathways, and transcriptional and epigenetic regulators of the development of adult-born neurons is achieved. The metabolic status regulates adult hippocampal neurogenesis (Knobloch et al., 2013) and can modify the activity of key developmental pathways (Saj et al., 2010) . Hence, mitochondria-dependent metabolism itself may provide substantial input into the regulatory networks controlling different stages of adult neurogenesis. Neuronal activity-a potent regulator of transcriptional and epigenetic programs in adult neurogenesis (Jagasia et al., 2009; Ma et al., 2009; Hsieh and Schneider, 2013 )-modulates mitochondrial dynamics and transport in vitro (Li et al., 2004; Han et al., 2008; Macaskill et al., 2009; Wang and Schwarz, 2009 ) and represents a candidate signal that coordinately controls genetic programs and mitochondrial function. Transcriptional programs downstream of neuronal activity may not only control the expression of neuron-specific genes but may also target mitochondrial biogenesis (Wong-Riley, 2012) . In this regard, the transcription factor CREB-a key regulator of differentiation and maturation in adult neurogenesis (Merz et al., 2011 )-may fulfill coordinative functions, given that its target PGC-1␣ (Herzig et al., 2001 ) is considered to be the master regulator of mitochondrial biogenesis (Scarpulla et al., 2012) and has been linked to the control of spine maintenance in hippocampal neurons (Cheng et al., 2012) .
Mitochondrial dysfunction is intimately linked to the pathophysiology of aging and neurodegeneration (Schon and Przedborski, 2011; Bratic and Larsson, 2013) . The identification of mitochondrial function as an important player in adult neurogenesis raises the possibility that mitochondrial dysfunction may contribute to deficits in hippocampal neurogenesis-dependent cognition and suggests mitochondrial function as a candidate target to ameliorate cognitive impairment in aging and neurodegenerative diseases (Calingasan et al., 2008; Dietrich et al., 2008; Zhao et al., 2008; Cheng et al., 2010; Pieper et al., 2010; Voloboueva et al., 2010; Stoll et al., 2011; Voloboueva and Giffard, 2011; Mattson, 2012) .
